Erythroleukemia induced by the anemia strain of Friend virus occurs in two stages. The ®rst stage results in rapid expansion of pre-leukemic proerythroblasts (FVA cells) dependent on erythropoietin (Epo) for dierentiation and survival in vitro. The second stage is characterized by emergence of erythroleukemic clones (MEL cells) which typically bear activation of the ets-oncogene, PU.1/spi.1, and loss of functional p53. We developed a Friend virussensitive, p53-de®cient mouse model to investigate the biological advantage conferred by p53-loss during tumor progression. Here we report p53 was not required for cell survival or growth arrest during dierentiation of FVA cells, nor was p53 required for induction of apoptosis upon Epo withdrawal. However, we detected induction of the p21
Introduction
The p53 tumor suppressor participates in cellular responses to a number of pathological states resulting in cell cycle arrest or apoptosis (Ruley, 1996; Levine, 1997; Gottlieb and Oren, 1996) . These biological outcomes are believed to represent the tumor suppressor functions of p53 and are tightly linked to the ability of p53 to function as a DNA sequence-speci®c transcription factor. Activation of p53 as a transcription factor is often associated with stabilization and accumulation of wild-type protein, for example in cells exposed to DNA damaging agents (Kastan et al., 1991; Nelson and Kastan, 1994) or forced to express certain oncogenes (Lowe and Ruley, 1993; Demers et al., 1994; Hermeking and Eick, 1994; Serrano et al., 1997) . In other cases, including dierentiating keratinocytes (Weinberg et al., 1995) and teratocarcinoma cells (Lutzker and Levine, 1996) , the transcriptional activities of p53 appear to be regulated independently of protein levels. Several observations suggest that the tumor suppressor functions associated with p53 also appear to be dierentially regulated. First, normal cells tolerate wild-type p53, which is expressed at low levels with only minimal transactivation potential, with no adverse eect on cell growth; whereas, reintroduction of wild-type p53 into p53-de®cient tumor cell lines results in growth arrest and/or apoptosis (Ruley, 1996; Gottlieb and Oren, 1996) Second, in human malignancies the pattern of p53 mutations in various tumors is not random, rather p53 loss is frequently associated with speci®c stages of disease progression and often occurs as a relatively late event. The fact that cells tolerate wild-type p53 at some times but not others suggest that tumor suppressor functions of p53 (or the ability of cells to respond to those functions) are regulated and become active only under certain conditions. The mechanisms regulating p53 activities during tumor progression are unknown.
Both genetic and environmental factors are known to have a profound in¯uence on p53 function and may play important roles in tumor suppression. For example, conditions that suppress normal cell growth, i.e. growth factor deprivation (Lin and Benchimol, 1995; Canman et al., 1995; Yonish-Rouach et al., 1991; Johnson et al., 1993; Gottlieb et al., 1994) , DNA damage (Nelson and Kastan, 1994; Kastan et al., 1991) , hypoxia (Graeber et al., 1996) and terminal dierentiation (Morgenbesser et al., 1994; Howes et al., 1994; Pan and Griep, 1994) , greatly enhance the apoptosis-inducing tumor suppressor eects of wildtype p53. However, the mechanisms by which genetic and environmental factors in¯uence p53 function, in normal cells or during tumor progression, are not well understood. Regulation of p53 activity, or the sensitivity of cells to p53, may enhance p53-dependent responses to oncogenic insults either prior to or following oncogene activation. Likewise, cell type and/or dierentiation stage may be important variables in¯uencing p53 activities. In principle, studies designed to investigate the regulation of endogenous wild-type p53 during tumor progression, rather than forced over-expression of p53 in tumor cell lines, are best suited to elucidate these mechanisms.
Murine erythroleukemia induced by Friend retrovirus complex represents a model system in which to study the regulation and function of endogenous p53 during the progression of a naturally arising tumor. The molecular events associated with transformation in Friend disease are well-characterized (Ben-David and Bernstein, 1991) . Two stages of disease result from infection of mice with the anemia-inducing strain of a retrovirus complex consisting of replicationdefective spleen focus-forming virus (SFFV) and replication-competent Friend murine leukemia virus (F-MuLV). The ®rst stage of Friend disease occurs 2 weeks post-infection in the spleens of susceptible mice and results from expression of the unique SFFV envelope protein, gp55. Gp55 binds to and activates the erythropoietin (Epo) receptor (Li et al., 1990 (Li et al., , 1995 resulting in polyclonal expansion of preleukemic proerythroblasts (FVA cells), dependent on Epo for growth and survival in vitro. The second stage of Friend disease is characterized by clonal expansion of Epo-independent murine erythroleukemic cells (MEL cells) which emerge 8 ± 12 weeks post-infection due to integration of SFFV upstream of the ets transcription factor, PU.1 (Moreau-Gachelin, 1994) . A second genetic alteration involving inactivation of p53 is also detected in Friend erythroleukemia cells (Mowat et al., 1985; Munroe et al., 1990; Chow et al., 1987) . The two mutations appear to occur independently; however, it is unknown whether a cooperative eect exists among these genetic alterations. Untimely PU.1 activation is thought to result in a block in erythroid dierentiation (Schuetze et al., 1992 (Schuetze et al., , 1993 Moreau-Gachelin et al., 1996) , while the biological advantage conferred by the selective loss of p53 function is unknown. We have developed Friend virus-sensitive mice which are genetically de®cient in wild-type p53 to investigate the role of endogenous p53 in erythroleukemic transformation. Here we addressed the role of p53 in the growth, differentiation and survival of pre-leukemic FVA cells to assess whether p53 mutations might play a role early in disease progression.
FVA cells provide a model for the study of terminal erythroid dierentiation (Koury et al., 1984; Sawyer et al., 1987) . When cultured in vitro with Epo, FVA cells dierentiate into reticulocytes within 48 ± 60 h, as determined by b-globin mRNA expression, hemoglobin production, nuclear condensation and enucleation (Bondurant et al., 1985; Kelley et al., 1993) . We previously demonstrated that Epo provides a survival advantage to cells otherwise destined to undergo programmed cell death or apoptosis Bondurant, 1988, 1990; Kelley et al., 1992 Kelley et al., , 1993 . We suggested that apoptosis associated with Epo-deprivation is important for regulating the size of normal erythroid precursor cell populations in vivo (Kelley et al., 1993; Koury and Bondurant, 1992) . We have taken advantage of these well-characterized features of erythrocyte biology, i.e., terminal dierentiation in the presence of Epo and apoptosis in the absence of Epo, to investigate a potential tumor suppressor activity of p53 which may be selected against during erythroleukemic tumor progression. We reasoned that if p53 were required for FVA cell dierentiation, as occurs in the presence of Epo, that mutation of p53 and escape from dierentiation would provide cells with a growth advantage. Further, we reasoned that if p53 were required for apoptosis, as occurs in the absence of Epo, escape from apoptosis would also provide cells with a growth advantage. In either case, a growth advantage would confer enhanced malignant potential to the cells.
Using a genetic model of FVA erythroblasts that dier only with respect to their p53 status, we demonstrate that p53 is not required for either Epodependent survival and dierentiation of FVA cells or apoptosis of Epo-deprived cells. However, we detected a p53-dependent expression of the endogenous cyclindependent kinase (cdk) inhibitor gene, p21
Cip1
, during Epo-induced dierentiation. Post-translational regulation of p53 and the functional consequences of its activities during terminal dierentiation were distinct from p53 regulation and function following treatment of cells with genotoxic agents. The data describe a speci®c p53-dependent activity during terminal differentiation of primary erythroblasts which may provide insight into the rationale for the frequent selection for p53 mutations in Friend virus-induced erythroleukemia.
Results

Dierentiation and survival of p53+/+ and p537/7 erythroblasts
Mice de®cient in wild-type p53 and sensitive to Friend virus were required to determine the role of p53 in dierentiation and survival of FVA cells. Strains of mice used to create the germline disruption of the p53 gene, 129/Sv (Livingstone et al., 1992) and C57BL/6 (Donehower et al., 1992) , were either known to be (C57BL/6; Friend, 1956) or determined to be (129/Sv) resistant to Friend virus infection. Therefore, the disrupted p53 gene in 129/Sv mice was backcrossed to the F 4 generation in a Friend virus-sensitive Balb/c strain. Homozygous p53-de®cient and -wild type mice were infected with FVA virus and proerythroblasts were puri®ed from spleens 2 weeks post-infection. Cells were cultured with or without Epo for 48 h to observe the eects of p53 on morphological changes characteristic of terminal dierentiation or apoptosis, respectively. Dierentiation of erythroblasts in the presence of Epo, as determined by benzidine staining of hemoglobin and nuclear condensation and enucleation, occurred equivalently in p53+/+ and p537/7 cells (Figure 1b and e) . Likewise, cells cultured without Epo underwent morphological changes characteristic of apoptosis, including condensed nuclear chromatin and fragmented nuclei in cells lacking hemoglobin, regardless of the p53 status (Figure 1c and f). In a previous study we demonstrated that although some of the morphological changes associated with nuclear condensation during terminal dierentiation and apoptosis appeared similar at the light microscopic level, at the electron microscopic level the dierences in chromatin structure were p53 function in early stage tumor progression LL Kelley et al distinctive (Kelley et al., 1993) . Additional evidence to verify that nuclear changes during terminal differentiation were dierent than in cells undergoing apoptosis was provided by the observation that DNA isolated from nuclei extruded during dierentiation was of high molecular weight and was not cleaved at internucleosomal linker regions as was observed in cells cultured in the absence of Epo (Kelley et al., 1993) .
Apoptosis in erythroblasts deprived of Epo does not require p53
We considered the possibility that p53 may be involved in the apoptotic pathway activated upon Epo-withdrawal. If this were the case, the apoptotic response of cells lacking wt p53 would be expected to be absent or delayed. Cells were deprived of Epo for up to 48 h and double-stranded DNA fragments (ladders) character- 
p53-dependent expression of p21 Cip1 during erythroid dierentiation
Several recent reports have demonstrated p53-dependent transcription during dierentiation of primary keratinocytes (Weinberg et al., 1995) and neuroblastoma cell lines (Lutzker and Levine, 1996) , using nonphysiologic inducing agents. We wished to examine expression of a panel of p53-response genes during dierentiation of FVA cells in the presence of their natural ligand, Epo. Initially we focused on p21 Cip1 , since several reports have implicated a role for this gene product in terminal dierentiation (Wang and Walsh, 1996; Poluha et al., 1996) . Figure 3c demonstrates that expression of p21
Cip1 mRNA was induced ninefold during dierentiation of p53+/+ cells, whereas basal levels of p21
Cip1 expression were considerably lower in p537/7 cells and were induced less than fourfold during their dierentiation (as determined by normalization to EtBr-stained total RNA). Expression of p21
Cip1 mRNA preceded expression of b-globin mRNA (Figure 3b ), which served as a marker of dierentiation. Comparable b-globin expression in p53+/+ and p537/7 cells supports the conclusion drawn from morphological analysis of benzidine-stained cells (Figure 1 ) that dierentiation proceeds equivalently in the presence or absence of p53. Accumulation of p21
Cip1 mRNA occurred with no Northern blot analysis of p53 and p21 Cip1 mRNA expression in dierentiating p537/7 or p53+/+ FVA cells. FVA cells isolated from p537/7 and p53+/+ mice were cultured with Epo (1 U/ml) for 0, 5, 21 and 43 h. Total cellular RNA (15 mg) was isolated and electrophoresed in a 1% agarose gel containing 0.66 M formaldehyde. After electrophoresis, the EtBr-stained RNA (a) was visualized and photographed before transfer. The RNA blot was hybridized with Evidence that accumulation of p21 Cip1 mRNA resulted from increased transcription rather than decreased degradation was provided by the observation that p21
Cip1 mRNA half-life did not change signi®cantly during the dierentiation time course as determined by measurement of the half-life in actinomycin D-treated cells (data not shown).
To determine if p53-response genes other than p21
Cip1 were induced during dierentiation, regulation of a variety of known p53-response genes were investigated and compared with their regulation in response to DNA damaging agents. Cells were either treated with 5.25 Gy l-irradiation and cultured with Epo for 6 h or cultured with 0.01 mg/ml actinomycin D and Epo for 6 h. Actinomycin D has been shown to have DNA strand-breaking eects similar to those of ionizing radiation (Kastan et al., 1991; Nelson and Kastan, 1994) . The concentration of actinomycin D used in these experiments was previously shown to be below that required to inhibit RNA synthesis in FVA cells (Kelley et al., 1992) but sucient to result in accumulation of p53 protein levels (Kelley et al., 1994) . Figure 4 demonstrates Northern blot analysis of Cip1 was markedly induced in dierentiating p53+/+ cells but not in p537/7 cells. Treatment with either DNA damaging agent resulted in abundant p53-dependent expression of p21
Cip1 [(a) compare lanes 5 and 6 with lanes 10 and 11]. Gadd45 was induced by a p53-independent mechanism during dierentiation but surprisingly, was not induced by p53 in response to DNA damage. On the contrary, bax and mdm-2 expression were induced in a p53-dependent manner following DNA damage but not during dierentiation. The p53 status of the cells had a minimal eect on the basal levels of bax and mdm-2 mRNA expression. Two cyclin G transcripts, referred to here as G1 and G2 (4.0 and 1.5 kbp, respectively) were detected in FVA cells. Although the basal level of expression of both cyclin G transcripts was higher in p53+/+ versus p537/7 cells, neither was induced during differentiation, whereas both were induced following DNA damage. These data demonstrate that p53 activities during dierentiation are speci®c for p21
Cip1 expres- Figure 4 Northern blot analysis of p53-response gene mRNA expression in p537/7 or p53+/+ cells. Two RNA gels were prepared from RNA isolated from FVA cells from p537/7 and p53+/+ mice which were cultured with Epo (1 U/ml) for the times indicated or treated with 5.25 Gy ionizing radiation (IR) or actinomycin D (0.01 mg/ml) and cultured with Epo for 6 h. Total cellular RNA (15 mg) was isolated and electrophoresed in a 1% agarose gel containing 0.66 M formaldehyde. After electrophoresis, the EtBr-stained RNA was visualized and photographed before transfer. The blot was hybridized with 32 P-labeled probes for bglobin, p21 Cip1 , gadd45 (which detected a 1.3 kbp mRNA), bax (which detected a 0.8 kbp mRNA), mdm2 (which detected a 3.3 kbp mRNA) and cyclin G (which detected two transcripts, 4.0 and 1.5 kbp) p53 function in early stage tumor progression LL Kelley et al sion, whereas, p53 activities in response to DNA damage result in transcription of multiple gene products.
p53 protein levels remain constant during dierentiation coincidentally with increased p21
Cip1 protein levels
To further investigate the regulation and function of p53 during dierentiation, we examined p53 and p21
Cip1 protein levels in dierentiating cells and compared them to cells treated with DNA damaging agents. Immunoprecipitation with monoclonal antibody PAb421, which recognizes the carboxy terminus of p53, followed by Western blot analysis with full-length polyclonal p53 antibody, demonstrated that steady state levels of p53 protein did not change signi®cantly during differentiation of FVA cells isolated from p53+/+ mice ( Figure  5a , lanes 1 ± 4), whereas abundant p53 protein accumulated in cells treated with actinomycin D (lane 5) and to a lesser extent in cells treated with ionizing radiation (lane 6). A p53-speci®c band was not detected in p537/7 cells (lane 7), although a fainter non-speci®c band of a slightly higher molecular weight was occasionally observed. In contrast to the relatively constant levels of p53 protein, p21 Cip1 protein levels increased substantially during dierentiation of p53+/+ cells (Figure 5b, lanes 1 ± 4) and were maximal at 24 h. Despite signi®cantly dierent levels of p53 protein following DNA damage using the two dierent genotoxic agents, levels of p21
Cip1 protein were comparable in cells treated with either actinomycin D (lane 5) or ionizing radiation (lane 6). In p537/7 cells, basal levels of p21
Cip1 protein were 50% of those observed in p53+/+ cells, as determined by densitometric scanning (compare lanes 7 and 1), and were also induced during dierentiation. However the level of induction from 0 ± 24 h in p537/7 cells was 2.5-fold (compare lanes 7 and 8) versus 6.2-fold from 0 ± 24 h in p53+/+ cells (compare lanes 1 and 3). Protein loading was controlled for by detection of the virally-produced gp55 protein. These data con®rm that p53-dependent enhancement of p21
Cip1 expression during dierentiation occurs in the absence of an increase in p53 mRNA and protein, whereas p21
Cip1 expression following DNA , 150 mg of protein from each sample was electrophoresed in a 10% polyacrylamide gels and transferred to nitrocellulose membranes. Membranes were probed with antibody to p21
Cip1 or the viral protein, gp55 
The data are most consistent with the interpretation that p53-dependent regulation of p21 Cip1 is at the transcription level. However, whether enhanced p21 Cip1 expression results from an activating modi®cation of p53 protein or from enhanced sensitivity of the p21 Cip1 promoter to unmodi®ed p53, or a combination of both remains to be determined.
DNA damaging agents result in rapid accumulation of p53 protein and activation of p53-dependent transcription in proliferating erythroblasts
We wished to further characterize the kinetics of p53 protein accumulation and activation of p53 transcriptional potential in erythroblasts exposed to DNA damaging agents. Genotoxic stress is known to cause a rapid increase in p53 protein levels in most cell types studied due to stabilization and accumulation of otherwise rapidly degraded wild type protein (Kastan et al., 1991; Nelson and Kastan, 1994) . Freshly isolated p53+/+ cells were untreated ( Figure 6a , lane 2) or treated with 5.25 Gy l-irradiation and cultured with Epo for 0, 1.5, 3 or 6 h (lanes 3 ± 6) or cultured with actinomycin D for 6 h (lane 1). Total protein was isolated from whole cell pellets and electrophoretically separated on a 7.5% polyacrylamide gel. Western blot analysis was performed with polyclonal p53 antibody and immune complexes were detected by ECL. Steady state levels of p53 protein were undetectable in untreated or irradiated cells at 0 h, but were apparent by 1.5 h in irradiated cells and remained elevated through 6 h of culture. As was observed in Figure 5a Cip1 protein levels were evaluated in samples electrophoretically separated on 12% polyacrylamide gels and immune complexes were detected by ECL. p21
Cip1 protein levels were not readily detectable until 3 h post-irradiation (Figure 6b , lane 5) and remained elevated at 6 h post-irradiation (lane 6). Actinomycin D treatment of cells also resulted in increased p21
Cip1 protein expression (lane 1). No expression of p21
Cip1 protein was observed in irradiated p537/7 control cells (lane 7). These data demonstrate that p53 protein levels accumulate in proliferating erythroblasts exposed to genotoxic stress, presumably via a post-translational mechanism similar to that described in other cell types exposed to DNA damaging agents (Nelson and Kastan, 1994) . Evidence that p53 protein became transcriptionally active in girradiated cells was provided by the observation that abundant p21 Cip1 mRNA and protein accumulated coincidentally with p53 protein accumulation. Together these data are consistent with the interpretation that p53-dependent functions are dierentially regulated during dierentiation and following DNA damage. 
The p21
Cip1 gene product is, in part, responsible for eecting p53-mediated G 1 arrest (Brugarolas et al., 1995; Deng et al., 1995; Waldman et al., 1995) via its ability to inhibit cyclin-dependent kinases (Harper et al., 1993; Xiong et al., 1993) . To evaluate the functional signi®cance of p53-mediated p21
Cip1 expression during dierentiation, we investigated the kinetics of cell cycle arrest associated with terminal dierentiation. Figure 7 demonstrates that p537/7, p53+/+, or p53+/7 cells accumulated into G 1 with similar kinetics when tested at 0 (a), 24 (b) or 48 (c) h of culture with Epo.
DNA damaging agents result in apoptosis or growth arrest in proliferating erythroblasts
The downstream events associated with stabilization and accumulation of p53 protein following DNA damage result in either cell cycle arrest or apoptosis in most cell types studied (Levine, 1997) . The molecular determinants responsible for the two disparate cellular outcomes have not been elucidated but certain data suggest they may be associated with the availability of growth factors (Lin et al., 1995; Canman et al., 1995; Yonish-Rouach et al., 1991; Johnson et al., 1993) . The eect of DNA damage and p53 protein accumulation on cell cycle checkpoint control and apoptosis were evaluated following treatment of FVA cells with girradiation or actinomycin D. Additionally, the ability of Epo to in¯uence whether cells undergo apoptosis or cell cycle arrest following DNA damage was evaluated. Freshly isolated p53+/+ and p537/7 cells were Figure 7 DNA cell cycle analysis of dierentiating p53+/+, p53+/7 or p537/7 FVA cells. FVA cells were cultured with Epo (1 U/ml) for 0 (a), 24 (b) or 48 (c) h. At the indicated times 2610 6 cells were removed from culture, ®xed and stained with PI (50 mg/ml) for single parameter DNA cell cycle analysis. The percentage of cells in G 0 /G 1 was determined at 0, 24 and 48 h and was 28, 54 and 72% (p53+/+), 37, 58 and 74% (p53+/7) and 30, 57 and 69%, respectively p53 function in early stage tumor progression LL Kelley et al untreated or treated with 5.25 Gy g-irradiation or actinomycin D in the presence or absence of Epo and cultured for 6 h. Cells were removed from culture and simultaneously assayed for apoptosis by¯uorescence in situ Tdt analysis and for cell cycle phase by propidium iodide staining of total DNA content. Figure 8 demonstrates that in untreated control populations the percentage of cells undergoing apoptosis in the absence of Epo was similar (14% versus 13%) regardless of p53 status (top panel and as previously demonstrated in Figure 2 ). In p53+/+ cells treated with g-irradiation (Figure 8 , right center panels) a signi®cantly greater percentage of cells underwent apoptosis, 34% in cells cultured with Epo and 45% in cells cultured without Epo, as compared to cells lacking p53 (Figure 8 , left center panels). DNA damage resulting from g-irradiation did not result in an increase in apoptosis but instead caused a signi®cant G 2 arrest in cells lacking p53, which was unaected by Epo ( Figure 8 and Table  1 ). Although steady state p53 protein levels were ®vefold higher in FVA cells following 6 h treatment with actinomycin D than in g-irradiated cells (Figures 5  and 6 ), the percentage of actinomycin D-treated p53+/+ cells undergoing apoptosis (6% in the presence of Epo, 21% in the absence of Epo) was more similar to untreated control cells than to girradiated cells (Figure 8 , bottom right panel). However, the actinomycin D-treated cultures exhibited a considerable increase in the percentage of cells in G 1 (61% in the presence of Epo, 71% in the absence of Epo) as compared to controls (44 and 46%, respectively) ( Table  1 ). These data suggest that actinomycin D treatment of erythroblasts is associated with a moderate growth arrest rather than apoptosis at the 6 h time point chosen for evaluation. Accumulation of actinomycin D-treated cells into G 1 was more notable in p53+/+ cells than p537/7 cells (Figure 8 , bottom left panel) suggesting that it was the result of a p53-dependent mechanism. In the case of p53-mediated apoptosis of l-irradiated cells and p53-mediated growth arrest of actinomycin Dtreated cells, Epo had a marginal inhibitory eect; however, the presence of Epo did not alter the outcome of cells to undergo apoptosis versus growth arrest following DNA damage. Together these data demonstrate that p53-dependent regulation of gene expression occurs via dierent mechanisms in cells undergoing terminal dierentiation as compared to cells exposed to genotoxic stress and results in dierent biological outcomes.
Discussion
In the present study, Friend virus-infected proerythroblasts diering only in their p53 status were used to investigate the role of p53 in erythroid growth, dierentiation and survival. We exploited well-characterized features of erythrocyte biology to test for functional consequences of p53 loss that may be selected for during progression of Friend virus-induced Figure 8 Apoptosis versus growth arrest in proliferating p537/7 or p53+/+ FVA cells treated with DNA damaging agents. p537/7 and p53+/+ FVA cells were cultured with or without Epo as indicated for 6 h (control), 6 h following irradiation with 5.25 Gy or 6 h in the presence of actinomycin D (0.01 mg/ml). Cells were subjected to the¯uorescence in situ Tdt assay and stained with PI (20 mg/ml). Two parameter¯ow cytometric analysis was performed and FITC¯uorescence (Tdt positive apoptotic cells) was plotted on the ordinate against PI¯uorescence (total DNA content) on the abscissa (contour plots, left panels). Single parameter DNA analysis was performed on the FITC-dim population of cells from each contour plot and plotted against cell number on the ordinate (DNA histograms, right panels) Since activation of p53 as a transcription factor is associated with tumor suppressor functions ascribed to p53 (Levine, 1997) , we examined FVA cells, both during dierentiation and following exposure to genotoxic agents, for conditions that could enhance the transactivating potential of p53. We found that terminal dierentiation was accompanied by an enhancement of p53 activities as assessed by p53-dependent induction of p21 Cip1 mRNA. Enhanced expression of p21 Cip1 occurred in the absence of increasing levels of p53 mRNA and protein. Posttranslational regulation of p53 during terminal dierentiation was distinct from that observed following exposure of FVA cells to genotoxic agents. A transcriptionally inactive pool of p53 protein, present in undierentiated cells, rapidly accumulated and acquired transcriptional activity resulting in apoptosis or growth arrest in response to g-irradiation or actinomycin-D, respectively. These results demonstrate that p53 protein is regulated in a variety of ways in response to dierent physiological conditions and presumably functions in dierent biological processes. For example, the p53 response to genotoxic damage may facilitate DNA repair, whereas p53-dependent induction of p21
Cip1 in differentiating erythroid cells may guard against aberrant cell dierentiation associated with activation of PU.1 or other oncogenes.
Previous studies suggest that p53 may regulate survival of hematopoietic cells upon removal of speci®c cytokines (Canman et al., 1995; Johnson et al., 1993; Yonish-Rouach et al., 1991; Lin and Benchimol, 1995; Gottlieb et al., 1994) . Murine myeloleukemic (M1) (Yonish-Rouach et al., 1991) , erythroleukemic (MEL) (Johnson et al., 1993) or lymphoma-derived (DA-1) (Gottlieb et al., 1994) cell lines lack endogenous wild-type p53 and proliferate in the absence of IL-6, Epo, or IL-3, respectively. Reintroduction of wild-type p53 by expression of the temperature conditional p53
Val-135 protein at 328C, led to apoptosis which was suppressed by the appropriate growth factor. These studies suggest that apoptosis resulting from growth factor deprivation in hematopoietic cells is p53-dependent. However, the present study shows that apoptosis of primary cells which occurs as a result of Epo-deprivation does not require p53 and is not enhanced by physiological levels of endogenous wild-type p53. This con®rms our earlier hypothesis that apoptosis of Epo-deprived cells is p53-independent based on the observation that steady state levels of p53 protein did not accumulate in FVA cells deprived of Epo (Kelley et al., 1994) . The current data exclude a role for p53 in apoptosis of Epo-deprived primary erythroblasts and suggest that loss of p53 function during erythroleukemic transformation is not selected for as a means to escape the requirement for cell-survival cytokines. We speculate that the sensitivity of transformed cell lines to reintroduced wild-type p53 may be due to either the presence of activated oncogenes or to ectopically high levels of unregulated p53.
The biological signi®cance of p21
Cip1 induction during dierentiation is not clear. We considered the possibility that p53-dependent expression of p21 Cip1 may provide a survival advantage to dierentiating cells. Several studies suggest that p21
Cip1 may have an apoptosis-sparing eect on cells during dierentiation. Myocytes expressing high levels of p21
Cip1 were less likely to undergo apoptosis during dierentiation than their counterparts expressing lower levels of the protein (Wang and Walsh, 1996) . Antisense inhibition of p21
Cip1 led to apoptosis of dierentiating neuroblastoma cells cultured with nerve growth factor, suggesting that p21
Cip1 was required for their survival (Poluha et al., 1996) . We were unable to detect a survival advantage in dierentiating erythroblasts cultured with Epo and expressing elevated levels of p21
Cip1
, as determined by an indistinguishable number of cells undergoing apoptosis during normal dierentiation regardless of the p53 status (Figure 2) . We considered whether p53-dependent expression of p21
Cip1 during erythroid dierentiation resulted from DNA damage which might accompany nuclear condensation and/or enucleation. Several observations suggest this is not the case. First, we previously demonstrated that DNA isolated from extruded nuclei of terminally differentiated cells was of high molecular weight and showed no evidence of degradation (Kelley et al., 1993) . Second, erythroid cells are capable of mounting the expected response to DNA damage as both girradiation and actinomycin D induced the accumulation of p53 protein, which was accompanied by apoptosis or G 1 arrest, respectively. In contrast, the steady state levels of p53 remained relatively constant during erythroid dierentiation, and the accompanying growth arrest did not require p53.
In summary, we have shown that selective pressure for p53 mutations during the progression of Friend erythroleukemia is uncoupled from p53-dependent apoptosis following growth factor deprivation or dependence on p53 for normal dierentiation. Therefore, neither of these activities represent p53 tumor suppressor functions during Friend virus-induced tumor progression. However, we have demonstrated p53-dependent regulation of p21 Cip1 during normal dierentiation of pre-leukemic cells. We propose that p53-dependent expression of p21
Cip1 in dierentiating erythroblasts may re¯ect the engagement of p53 tumor suppressor functions as a means to monitor cell dierentiation. According to this model, p53 plays no role in cells which dierentiate normally, as we observed, but limits the growth or survival of aberrant cells that fail to dierentiate. These would include cells in which PU.1 has been activated, resulting in the selection against p53 during Friend virus-induced tumor progression. A similar model was proposed to explain suppression of retinoblastomas in transgenic mice expressing human papillomavirus E7 gene (Howes p53 function in early stage tumor progression LL Kelley et al et al., 1994; Pan and Griep, 1994) . In those studies, p53 became functionally engaged as a tumor suppressor at the time during embryonic development when normal retinoblasts underwent terminal dierentiation. Our results suggest that post-translational regulation of p53 may be a normal feature of terminal dierentiation. This is supported by similar observations in other cell types. Dierentiation of primary keratinocytes (Weinberg et al., 1995) and teratocarcinoma cells (Lutzker and Levine, 1996) was accompanied by increased transcriptional activity as determined by p53-dependent reporter gene expression. In each case, the activation of p53 as a transcription factor occurred coincidentally with declining levels of p53 protein. Our data suggest that p53 activities in dierentiating erythroblasts may be regulated by a combination of posttranslational modi®cations possibly aecting p53 transcriptional activity as well as the sensitivity of the p21 Cip1 promoter to p53. A test of the hypothesis that p53 activities during dierentiation represent tumor suppressor functions and elucidation of the mechanism(s) of p53 and p21
Cip1 regulation in early stage tumor progression are important questions for future experiments.
Materials and methods
p53-de®cient mice
Male heterozygous p53-de®cient 129/Sv-Trp mlTyj mice, generated by germline disruption of the p53 gene by replacement of exons 2 through 6 with a bacterial neo gene (Livingstone et al., 1992) , were obtained from Jackson Laboratories, Bar Harbor, ME. The p53 deletion mutation was back-crossed to the F 4 generation in the Friend virussensitive Balb/c strain containing wt p53. Progeny were genotyped from blood obtained by retro-orbital bleed using a four primer PCR assay to distinguish between wt and deleted p53 alleles. The neomycin gene present in the targeting vector was detected with Neo sense primer 5'-CTT GGG TGG AGA GGC TAT TC-3' (0.75 mM) and anti-sense primer 5'-AGG TGA GAT GAC AGG A-GA TC-3' (0.75 mM). The wt p53 allele was detected with sense primer 5'-CCC GAG TAT CTG GAA GAC AG-3' (2.4 mM)andanti-senseprimer5'-ATA GGT CGG CGG TT-C AT-3' (0.8 mM). The PCR reaction was carried out with 0.14 U/ml AmpliTaq DNA polymerase (Perkin Elmer, Branchburg, NJ) and 1.3 mM MgCl 2 using a two step touch-down protocol. Denaturation occurred at 948C, followed by annealing at 648C with a 0.58C decrease in temperature per cycle for 12 cycles. The annealing temperature was held constant at 588C for the ®nal 25 cycles. Extension occurred at 728C.
Cell isolation and culture
Eight to 12-week-old female F 4 mice were infected with 10 4 spleen focus-forming units of the anemia-inducing strain of Friend virus (FVA). Erythroblasts were isolated from spleens 2 weeks post-infection and separated by velocity sedimentation at unit gravity on continuous 1 ± 2% bovine serum albumin (BSA) gradients as previously described (Koury et al., 1984; Sawyer et al., 1987) . Puri®ed cells were cultured in Iscove's modi®ed Dulbecco's medium (IMDM) containing 1% BSA (Intergen, Purchase, NY), 30% fetal calf serum (FCS) (Hyclone Laboratories, Logan, Utah) and where indicated, 1 U/ml pure recombinant human Epo (Ortho Pharmaceuticals, Raritan, NJ).
Cell irradiation
Cells suspended in tissue culture medium at a concentration of 1610 6 cells/ml were irradiated at a dose of 5.25 Gy/ min for 1 min with a Shepherd and Associates Mark I Model 30 irradiator containing 6000 Ci 137 Cs. Irradiated cells were returned to a 378C humidi®ed atmosphere of 5% CO 2 in air and removed for analysis at times indicated in the ®gure legends.
Morphological analysis
Cytocentrifuge preparations of cells cultured with or without Epo were stained with 3,3'-dimethoxybenzidine and hematoxylin and photographed using oil immersion optics.
Northern blot analysis
Total RNA was collected from 10 7 cells by a single step guanidium thiocyanate-phenol method using Ultraspec TM RNA (Biotecx Laboratories, Houston, TX) and electrophoretically separated in 1% agarose gels containing 0.66 M formaldehyde. Immediately before electrophoresis, 10 mg of ethidium bromide (EtBr) was added to each sample. After electrophoresis the gels were photographed and blotted onto nylon membranes. Prehybridization and hybridization were performed in 50% formamide, 66SSC (16SSC=0.15 M NaCl, 0.015 M sodium citrate), 16Den-hardt's solution (0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.02% BSA) and 0.5% sodium dodecyl sulfate (SDS). The p53 cDNA probe was ampli®ed from mouse brain RNA by reverse transcriptase PCR with the murine sense primer 5'-CTC CGA GTG TCA GGA GCT-3' and the antisense primer 5'-TTC AGG GCA AAG GAC TTC-3' (corresponding to codons 61 ± 295). The mouse b-globin probe was a PstI/PstI fragment containing the ®rst two exons of the b-major globin gene (Hofer and Darnell, 1981) . The p21 Cip1 probe was a XhoI/XhoI fragment containing the entire murine cDNA coding region and the cyclin G probe was a HindIII/NotI fragment containing nearly full length murine cDNA (Okamoto and Beach, 1994 ) (both kindly provided by Dr David Beach, Cold Spring Harbor). The mdm-2 probe was a 3 kb insert of the mouse mdm-2 gene (Momand et al., 1992) . The gadd45 probe was a nearly full-length Kp ± I/SadI 1.2 kb fragment of Chinese hamster gadd45 cDNA (Papathanasiou et al., 1991) . All probes were labeled by the random primer method using a-32 P-dCTP (800 Ci/mmol). Hybridizations were performed at 428C for 16 h using 10 6 c.p.m. labeled probe per ml of hybridization buer. Blots were washed twice with 26SSC, 0.5% SDS at room temperature for 10 min, followed by two washes with 0.16SSC, 0.1% SDS at 558C for 40 min.
Analysis of p21
Cip1 and p53 proteins
Immunoblot analysis was performed on protein (150 mg) from frozen cell pellets (7708C) which were thawed and resuspended in boiling 26Laemmli sample buer. Cell lysates were sonicated and electrophoretically separated in 12% (p21 Cip1 ) or 7.5% (p53) SDS-polyacrylamide gels. Proteins were transferred to nitrocellulose membranes and immunoblotted with anti-p21
Cip1 (sc-397, Santa Cruz, CA) (0.5 mg/ml) followed by a 1:10 000 dilution of goat antirabbit Ig conjugated to horseradish peroxidase (HRP) (Sigma, A-6154) or polyclonal p53 antibody (sc-6243, Santa Cruz) (0.25 mg/ml) followed by a 1:10 000 dilution of goat anti-rabbit Ig conjugated to HRP (Sigma, A-6154). Gp55 protein expression was detected with a 1:500 dilution of 7C10 rat ascites (kindly provided by Dr Sandra Ruscetti, Frederick Cancer Research Center) followed by p53 function in early stage tumor progression LL Kelley et al a 1:5000 dilution of goat anti-rat (Sigma, A-9037). Blots were developed by enhanced chemiluminescence (ECL) (Amersham, Arlington Heights, IL). Immunoprecipitation of p53 protein was performed by incubating cells on ice for 30 min in 1 ml of lysis buer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 0.5% NP40, 2 mM EDTA, 50 mM NaF, 1 mM Na 3 VO 4 , 1 mM PMSF, 10 mg/ml leupeptin, 10 mg/ml aprotinin, 10 mg/ml trypsin inhibitor and 10 mg/ ml pepstatin A. Cell lysates were brie¯y sonicated and centrifuged at 14 000 g. Lysates were precleared with 1.5 mg anti-SV40 T-Ag (Oncogene Research Products, Cambridge, MA) and 15 ml protein G-protein A agarose (Oncogene) as well as with crude formalin-®xed Staphylococcus aureus (Sigma). p53 protein was precipitated from 560 mgs total protein with 1 mg PAb421 monoclonal antibody (Oncogene) and 15 ml protein G-protein A agarose. Immunoprecipitates were washed twice in SNNTE buer (50 mM Tris [pH 7.4], 5% sucrose, 1% NP40, 0.5 M NaCl, 5 mM EDTA, 1 mM PMSF) and once in RIPA buer (50 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate, 1 mM PMSF). Immunoprecipitates were boiled for 5 min in sample buer and electrophoretically separated in a 7.5% SDS ± PAGE gel. Proteins were transferred to nitrocellulose and blotted with 0.25 mg/ml polyclonal p53 antibody (sc-6243, Santa Cruz) followed by a 1 : 5000 dilution of goat anti-rabbit Ig conjugated to HRP (Sigma, A-6154). Blots were developed by ECL.
Flow cytometric DNA analysis
Single parameter analysis of DNA content was performed on cells freshly removed from culture, ®xed in methanol and resuspended in a staining solution of 500 ml RNase (200 U/ml) and 500 ml of propidium iodide (PI) (50 mg/ml). Dual parameter analysis of DNA content and Tdt/FITC staining was performed on Tdt/FITC stained cells resuspended in a DNA staining solution of 500 ml RNase (200 U/ml) and 500 ml PI (20 mg/ml). Linear¯uorescence signals of PI (area and width) and FITC were assessed on a Beckton Dickinson FACScan¯ow cytometer with dye excitation by 15 mw 488 nm laser light. Data were stored as list mode ®les of at least 50 000 single cell events for subsequent o-line analysis using Mod®t and WinList software (Verity Software, Topsham, ME). DNA cell cycle analysis was accomplished using the DIP_N2 and DIP_N3 algorithms in Mod®t.
Apoptosis assays
DNA fragments characteristic of cleavage at internucleosomal linker regions (ladders) were visualized in EtBrstained agarose gels as previously described (Kelley et al., 1992 (Kelley et al., , 1993 . Brie¯y, 4 mg of total DNA from each sample was separated on 1% neutral gels in buer containing 2 mM EDTA, 80 mM Tris-phosphate (pH 8.0) and 0.5 mg/ ml EtBr. The percentage of apoptotic cells was quantitated via a¯uorescence in situ Tdt assay as previously described (Kelley et al., 1994) . Brie¯y, cells in suspension for¯ow cytometric analysis were ®xed in 1% paraformaldehyde for 15 min at 48C followed by 70% EtOH at 7208C for a minimum of 1 h. Approximately 2610 6 cells were rehydrated by washing in cold phosphate buered saline (PBS) containing 0.125% BSA (PBS/BSA) in siliconized microfuge tubes. Cells were pelleted and resuspended in 50 ml of 2.5 mM CoCl 2 , 1 nM biotin-16-dUTP, 0.1 U/ml terminal transferase in 16cacodylate buer (Boehringer Mannheim Biochemicals, Indianapolis, IN) and incubated at 378C for 30 min. Cells were washed once in PBS/BSA and resuspended in 100 ml of staining buer which contained 2.5 mg/ml of avidin conjugated with¯uorescein isothiocyanate (FITC) (Boehringer Mannheim), 46SSC (0.6 M NaCl, 60 mM sodium citrate) and 5% (w/v) non-fat dry milk. Cells were incubated for 30 min at room temperature in the dark then washed in PBS/BSA.
